The rice brown planthopper, Nilaparvata lugens is a phloem-feeding insect pest of the rice plant Oryza sativa. To understand the role of saliva in its feeding process, we analyzed salivary gland proteins using two-dimensional polyacrylamide gel electrophoresis followed by Edman degradation of proteins. Of the 52 major spots analyzed, 25 N-terminal sequences were determined. The internal amino acid sequences of the remaining 27 proteins were determined by the Cleveland peptide mapping method. We identified 22 of the 25 proteins whose N-terminal regions were sequenced and 13 of the 27 proteins that were internally sequenced after searching them against the entries in the expressed sequence tag (EST) database of N. lugens. Through a homology search using public nonredundant protein databases, we identified EST-unmatched proteins. As a result, many housekeeping proteins responsible for energy metabolism, protein synthesis, folding and modification were identified, of which actins, tubulins, heat-shock proteins, protein disulfide isomerases and ATP synthases were in common with proteins identified from the salivary glands of hematophagous arthropods such as Anopheles gambiae, and a phytophagous gall midge Mayetiola destructor. However, we could not identify the glucosidases and phenoloxidases previously detected in the salivary glands of N. lugens. In contrast, novel proteins with an EF-hand domain were found in relatively high abundance in salivary gland homogenates derived from N. lugens; their corresponding ESTs were specifically derived from the salivary glands. Their calcium-binding properties suggest their importance of phloem feeding by the planthopper.
INTRODUCTION
The rice brown planthopper, Nilaparvata lugens (Stål) (Homoptera: Delphacidae) is one of the most destructive insect pests of the rice plant Oryza sativa L. in Asia. This insect causes a heavy loss of yield by sucking plant sap and transmitting viral diseases (Sogawa, 1982; Hibino, 1996) . The removal of assimilates and reduction in the photosynthetic rate of leaves by N. lugens sucking have a great effect on the yield of rice plants (Watanabe and Kitagawa, 2000) . N. lugens punctures rice plant tissues intracellularly and sucks sap primarily from the sieve elements for several hours (Sogawa, 1980; Kimmins, 1989; Hattori, 2001) . During sap sucking, N. lugens ejects a coagulable and watery salivary secretion. The coagulable saliva forms salivary sheaths composed of lipoproteinaceous materials and neutral mucosubstances (Sogawa, 1967a, b) . Watery saliva is considered to contain digestive and oxidative enzymes since a-, and bglucosidases, and phenoloxidase have been histochemically detected in the salivary glands (Sogawa, 1968a, b) . These salivary glands consist of a pair of principal glands and a pair of accessory glands (Sogawa, 1965) . The principal glands are composed of eight types of secretory follicles, each of which contains substances such as proteinaeous secretory products and unsaturated lipids, as has been determined by histological staining (Sogawa, 1967a, b) . These reports suggest that N. lugens secretes a complex mixture of proteins as saliva.
The salivary glands of aphids, which are also homopterous phloem feeders, possess pectinases (Ma et al., 1990) and oxidases (Urbanska et al., 1998) . These enzymes are considered to enhance the flow of sap and the detoxification of plant defensive phytochemicals (Miles, 1999) . Some salivary proteins injected by these insects into the plant also play important roles in the prevention of phloem wound responses and damage (Cherqui and Tjallingii, 2000) .
Only a limited number of salivary proteins (enzymes) of N. lugens have been reported thus far, despite the potential importance of these proteins in feeding from the phloem. In the present study, to analyze the complexity of the salivary proteins of N. lugens, a typical phloem feeder, and to identify molecules that have potential functions in the sucking process, we conducted 2-D PAGE separation and gas-phase protein sequencing and analyzed information obtained from the expressed sequence tag (EST) database of N. lugens.
MATERIALS AND METHODS
N. lugens rearing. N. lugens adults were collected in paddy fields in Shimane Prefecture in 1987. A stock colony of N. lugens was reared successively on rice seedlings in our institute at 25Ϯ2°C and 70Ϯ5% relative humidity under a 16 : 8 h light/dark photoperiod.
Salivary gland sample preparation. Adult females, 3 to 7 days after emergence, were immobilized by placing them in a freezer for 15 min, and their salivary glands were dissected with tweezers (Hattori et al., 2005) . The salivary glands were homogenized in lysis buffer containing 8 M urea, 2% NP-40, 2% ampholine (pH 3.5-10.0) (GE Healthcare, Piscataway, NJ, USA), 5% 2-mercaptoethanol and a protease inhibitor (Complete Mini EDTAfree tablets; Roche, Mannheim, Germany). The mixture was centrifuged at 15,000 rpm for 10 min, and each aliquot of the supernatant (equivalent to 30 pairs of salivary glands) was then subjected to the following techniques of isoelectric focusing (IEF).
2-D PAGE. The prepared samples were separated in the first dimension by IEF using immobilized pH gradient (IPG) strips (ReadyStrip; BioRad, Hercules, CA, USA) and Protean IEF cell (Bio-Rad), and in the second dimension by sodium dodecyl sulfate (SDS)-PAGE. IEF with IPG strips was carried out over a pH gradient of 3-10 with 11-cm strips at 500 V for 2 h, followed by 500-3,500 V for 6 h and for 35,000 Vh (volt-hours). It was also run with 11-cm strips over a pH gradient of 5-8 at 500 V for 2 h, followed by 500-6,000 V for 6 h and for 48,000 Vh. After IEF, the IPG strips were shaken twice in equilibrium buffer containing of 6 M urea, 2% SDS, 375 mM Tris-HCl (pH 8.8), and 20% glycerol, supplemented with 130 mM dithiothreitol for the first mixing step and with 135 mM iodoacetamide for the second. For analysis in the second dimension, SDS-PAGE was performed using a 12% or 6% polyacrylamide gel. The gels were stained with Coomassie brilliant blue (CBB) R-250 or with a silver staining kit (Wako, Osaka, Japan) .
N-terminal amino acid sequence analysis. To analyze the N-terminal sequences of proteins following separation by 2-D PAGE, we electroblotted the proteins onto a polyvinylidene difluoride (PVDF) membrane (ATTO, Tokyo, Japan) using a semidry blotter (HorizBlot; ATTO); and the proteins were detected by CBB staining (Hirano and Watanabe, 1990) . The stained protein spots were then excised from the membrane and directly subjected to Edman degradation. This analysis was performed on a gas-phase protein sequencer (HP 241; Hewlett-Packard, Palo Alto, CA, USA) according to the supplied standard protocol.
Internal amino acid sequence analysis. Cleveland peptide mapping (Cleveland et al., 1977; Hashimoto et al., 2004) was carried out to analyze the internal amino acid sequences. After the proteins had been separated by 2-D PAGE and stained with CBB, the desired protein spots were cut out of the gel and the gel pieces were crushed in a tube containing 20 ml sample buffer for SDS-PAGE (50 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS and 6% 2-mercaptoethanol). The gel suspension was introduced into a well of an SDS-slab gel with a 15% polyacrylamide separating gel, and overlaid with 20 ml of 1/2 SDS sample buffer containing 50 ng/ml trypsin (Wako) or Staphylococcus aureus V8 protease (Sigma, St. Louis, MO, USA). Electrophoresis was performed until the sample and protease had formed stacks within the stacking gel, was interrupted for 30 min to facilitate protein digestion, and then resumed. Some of the digested peptides were sequenced using a gas-phase protein sequencer as described above.
Protein identification. Since the N. lugens genome has not been sequenced, the use of tandem mass spectroscopy (MS/MS) for identifying pro-teins in this species is unreliable; therefore, the Nterminal and internal amino acid sequences obtained by Edman degradation were subjected to a search for the corresponding gene in our EST database for N. lugens (http://bphest.dna.affrc.go.jp/). To construct the EST database, mRNA was extracted from various tissues and organs of N. lugens, such as salivary glands, midgut, ovary, and the head-thorax complex (Noda et al., 2008) . BlastX analysis was performed against the EST database. EST-unmatched proteins were identified based on the determined peptide sequences. All proteins were queried against the non-redundant protein database of the National Center for Biotechnology Information (NCBI; NIH, Bethesda, MD). The amino acid sequences predicted on the basis of ESTs with low sequence homology were further searched against the Pfam protein families database (Bateman et al., 2004 ; http: //www.sanger.ac.uk/Software/Pfam/). The signal peptide was predicted with the SignalP program (http://www.cbs.dtu.dk/services/SignalP/) for proteins.
Glycoprotein detection. We analyzed salivary glycoproteins to identify salivary sheath proteins, since it has been reported that neutral mucosubstances may be present in the salivary sheath produced by N. lugens (Sogawa, 1967a) . The N. lugens salivary glands were homogenized in SDS sample buffer and centrifuged at 15,000 rpm for 10 min. The supernatant was separated into aliquots, and each aliquot (equivalent to 15 pairs of salivary glands) was place in a well created in an SDS-slab gel. Subsequently, SDS-PAGE was performed on a 12% polyacrylamide gel, followed by staining using Pro-Q Fuchsia Glycoprotein and SYPRO Ruby protein gel stain kits (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions.
RESULTS

2-D PAGE separation and N-terminal amino acid sequence analysis of salivary gland proteins
Approximately 250 salivary gland proteins of N. lugens were detected by silver staining after separation by IEF over a pI range of 3-10 and by SDS-PAGE performed using 12% polyacrylamide gel (not shown). In this study, we determined the positions (pI and MW) and amino acid sequences of the 52 major proteins of N. lugens that were visualized by CBB staining (Fig. 1) . The majority of proteins were located in the area with pIs from 5 to 6.5 and MW from 20 to 90 kDa. The five most abundant proteins were spot nos. 16, 22, 25, 36, and 45 . The N-terminal amino acid sequences of 25 out of 52 salivary gland proteins could be determined as shown in Table 1 . The remaining 27 proteins with blocked N-terminals were analyzed by the Cleveland peptide mapping method. For instance, the internal amino acid sequences of the proteins corresponding to spot nos. 22 and 25 were determined by analyzing peptide bands of approximately 31 kDa (22-i and 25-i) derived from trypsin-digested proteins (Fig. 2) .
Identification of salivary gland proteins
On examining the 52 determined peptide sequences against entries in our EST database for N. lugens, we were able to identify 22 of 25 proteins whose N-terminal regions have been sequenced and 13 of 27 internally sequenced proteins (Table  1 ; Fig. 3 ). The remaining EST-unmatched proteins were identified based on the peptide sequences of pairs of salivary glands of adult females. These proteins were separated by 2-D PAGE involving IEF performed using IPG strips (ReadyStrip (Bio-Rad)) in the pH range of 3-10 for analysis in the first dimension and SDS-PAGE performed using 12% polyacrylamide gels for analysis in the second dimension; the resolved proteins were then detected by CBB staining. Arrows indicate the 52 major protein spots. Ten of the 52 proteins were related to protein folding and synthesis, including chaperons (spot nos. 06, 07, 11, 12, 17, and 38), disulfide isomerase (nos. 13 and 14), translation initiation factor (no. 42), and ribosomal protein (no. 24). Eight of the identified proteins were related to energy metabolism, including ATP synthase b-subunit (nos. 20, 41, and 50), enolase (no. 21), NAD-dependent dehydrogenase (no. 23), arginine kinase (no. 25), aldolase (no. 26), and cytochrome oxidase (no. 31). Two proteins related to other metabolism were carboxylesterase (no. 10) and dehydrogenase/reductase SDR (no. 30). Six of the identified proteins were cytoskeleton proteins, including cell surface glycoprotein (no. 02), tubulin a-chain (no. 15), tubulin b-chain (no. 16), actin (no. 22), tropomyosin (no. 28), and myosin (no. 33).
Proteins corresponded to ESTs derived from salivary glands
Of the 35 proteins that matched the translated EST sequences, three peptide sequences (nos. 36, 37, and 45) corresponded to ESTs exclusively derived from salivary glands or from tissues that included salivary glands. The putative coding se-530 H. KONISHI et al. a Protein spot numbers correspond to those described in Fig. 1 . b "N-" and "I-" indicate N-and I-terminal amino acid sequences, respectively. Fig. 2 . Representative results of Cleveland peptide mapping used to identify internal amino acid sequences. After the proteins were separated by 2-D PAGE and stained with CBB, spots no. 22 and no. 25 were cut out, crushed in tubes, and introduced into a well created in a SDS-slab gel. SDS-PAGE was then performed using a 15% polyacrylamide gel. The amino acid sequences of the 2 peptides (22-i and 25-i) were determined by the Cleveland peptide mapping method using trypsin. quences corresponding to spots no. 36 and no. 37 are shown in Fig. 4 . The amino acid sequences deduced from the ESTs revealed that both isoforms contained 214 amino acids with 23 amino acid signal sequences. The residues at the beginning of the mature proteins (DDAPSFDRPV, DDAPSFERPV) were identical to the N-terminal sequences determined for two spots on the 2-D PAGE gel. Further, 91.1% (195/214) identity was noted for amino acid sequences in the open reading frames of the two isoforms. Since the translated amino acid sequences of the three proteins (nos. 36, 37, and 45) showed low sequence homology to known proteins, they were searched against entries in Pfam-family proteins (Bateman et al., 2004) . Figure 5 revealed that spot nos. 36 and 37, and spot no. 45 possess an EF-hand domain (PF00036, E-value: 3.90e-02, and 8.90e-03, respectively). Further, spot no. 45 was classified as PF07427 (protein of unknown function DUF1511, E-value: 5.10e-02).
Glycoproteins in N. lugens salivary glands
To identify glycoproteins in the salivary glands of N. lugens, we performed SDS-PAGE and Pro-Q Fuchsia glycoprotein gel staining for specific detection of the sugar chains (Fig. 6) . Two bands of more than 200 kDa were detected as major glycoproteins (Fig. 6) ; these glycoproteins were resolved as two broad bands on 2-D PAGE gel (data not shown). The N-terminal sequences of the two glycoproteins were MIREQDXGVQ and MARSNDTGGQ, neither of which matched any sequence in the N. lugens EST database; these sequences exhibited low similarity to a hypothetical protein and the RNA polymerase s factor, respectively (Fig. 6) .
DISCUSSION
In the present study, the major proteins in the salivary glands were separated using 2-D PAGE; this was followed by Edman degradation analysis coupled with a specific EST database for protein identification. This approach was effective for ob-531 Salivary Gland Proteins of Nilaparvata lugens The residues at the beginning of the mature proteins, which were identical to the N-terminal sequences determined for the two spots on 2D-PAGE gel, are underlined. The overlined sequences represent the EF-hand motif regions that bind to calcium. The shaded amino acids (19 residues) differed between the two isoforms. taining accurate information about proteins of N. lugens, whose genome has not been sequenced. On examining the 52 determined peptide sequences against entries in our EST database for N. lugens, we were able to identify 22 of 25 proteins whose N-terminal regions have been sequenced and 13 of 27 internally sequenced proteins. Seventeen proteins (32.7%) showed no EST database match. Thus, the protein and mRNA expression levels did not exhibit one-to-one correspondence. This result seems to be partly attributable to the fact that ESTs are a short sub-sequence of a transcribed cDNA sequence. Additionally, some proteins might stably exist for a prolonged duration in the tissues after they have been translated from the mRNA.
Most of the proteins identified in the salivary gland were cytoskeletal, mitochondrial, and chaperone proteins involved in energy metabolism, and protein synthesis, folding, and modification. Among these housekeeping proteins, protein disulfide isomerase, Hsp70, tubulin b-chain, calreticulin, ATP synthase b-subunit, enolase, ribosomal protein, arginine kinase and aldolase have been previously identified in the salivary glands of female individuals of the hematophagous insect species A. gambiae mosquito (Kalume et al., 2005) and of other hematophagous arthropods (Ribeiro et al., 2004 (Ribeiro et al., , 2007 Oleaga et al., 2007) by proteomic analysis. Further, the ribosomal protein, Hsp60, protein disulfide isomerase, ATP synthase b-subunit, ATP synthase D chain, ATP synthase d-chain, enolase, tubulin a-and b-chain, actin, myosin light chain, and porin have been identified in the salivary glands of a phytophagous gall midge, Mayetiola destructor (Chen et al., 2008) .
Tubulin b-chain, mitochondrial processing peptidase, ATP synthase b-subunit, enolase, actin, tropomyosin, and calreticulin have previously been identified in whole-body lysates of female N. lugens individuals (Sharma et al., 2004) . The amino acid sequences of these proteins corresponded to the translated EST, but these corresponding ESTs were found to originate from various organs or tissues of this species. On the other hand, of the 35 proteins that matched the translated EST sequences, only three peptide sequences (nos. 36, 37, and 45) corresponded to ESTs derived exclusively from the salivary glands. These putative proteins have a signal peptide indicative of secretion. Searches against entries in Pfam-family proteins 532 H. KONISHI et al. Fig. 6 . Detection of glycoproteins in the salivary gland of N. lugens. Proteins extracted from the salivary glands of N. lugens were separated by SDS-PAGE that was performed using a 12% polyacrylamide gel. Glycoproteins (left) and total protein (right) were detected using Pro-Q Fuchsia glycoprotein and SYPRO Ruby protein gel stain kits (Molecular Probes), respectively. revealed that spot nos. 36, 37, and 45 possess an EF-hand domain.
The EF-hand structure has been identified in a variety of Ca 2ϩ -binding proteins, such as parvalbumin, calbindin, calmodulin and S100 proteins (Kawasaki et al., 1998; Lewit-Bentley and Rety, 2000) . Proteins possessing the EF-hand regulate diverse cellular activities that range from metabolism, transcription and cell proliferation to Ca 2ϩ buffering (Bhattacharya et al., 2004) . Recently, Will et al. (2007) reported that calcium-binding proteins in aphid saliva, which were presumed to possess the EF-hand motif, prevent plugging of the sieve tubes by forisomes. Forisomes, which are crystalline protein bodies of sieve elements in Vicia faba, form sieve-tube plugs via their dispersion in response to Ca 2ϩ ion supply through the wound (Knoblauch et al., 2001 ). On the other hand, in Perilla crispa, physical blocking of the sieve pore by callose formation depends on an increase in free Ca 2ϩ levels in the sieve elements (King and Zeevaart, 1974) . Thus, the salivary proteins of N. lugens, which possess the EF-hand domain, might trap Ca 2ϩ ions diffused from tissue ruptured by stylet penetration, thus preventing a rise in the calcium concentration in the sieve tube. More detailed investigations are required to determine whether each salivary protein is in fact ejected with the saliva and contributes to successful phloem feeding.
Glucosidases and phenoloxidase, which have previously been detected in the salivary glands of N. lugens by enzymatic reactions (Sogawa, 1968a, b) , were not identified by the present proteomic approach, although many metabolic-related enzymes were distinguished. Salivary enzymes that function in digestion or detoxication may be effective for successful feeding even in minimal amounts, since they are locally excreted into plant tissues.
In the present study, we analyzed the major proteins of the salivary gland that were visualized by CBB staining. Most of the proteins identified were involved in housekeeping functions. In addition, species-specific proteins possessing EF-hand domains were detected in relatively large amounts. These novel proteins with signal sequences were specifically expressed in the salivary glands and were thus inferred to be secreted in the saliva. In contrast, digestive and detoxification enzymes, whose presence in the salivary glands has been proven, were not identified by this approach. Further proteomic approaches for secreted saliva are required not only to determine the biological functions of the saliva on feeding from the phloem but also to understand the adaptation mechanism of the virulent biotype to resistant rice varieties.
